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ABSTRACT: Experiments were conducted to evaluate the influence of ambient photo-
conversion on rheology for a range of photopolymerizable urethane dimethacrylate
(UDMA) resins containing varying amounts of three comonomers including 1,6 hex-
ane diol-dimethacrylate (HDDMA), an alkoxylated cyclohexane dimethanol diacrylate
monomer (CD-582), and hydroxyethyl methacrylate (HEMA). Experiments were per-
formed both as a function of composition and time-dependent dose varying the inten-
sity using a photorheometer. A semilog-based sigmoidal model allowed the determi-
nation of four physical model parameters to define the relationship between reaction
kinetics and its dynamic influence on viscosity. We have observed induction times
and viscosity changes associated with the model that shows a trend in reaction
kinetics in the following order from most to least reactive: UDMA [ CD582 [
HDDMA [ HEMA. With increasing amounts of reactive diluent included in the for-
mulation, the kinetics of reaction was more sluggish. The value of this sigmoidal
model is that it could help define formulation and process conditions most likely to
control crosslinking to maximize dimensional stability or other thermophysical prop-
erties. VC 2008 Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys 46: 2319–2325, 2008
Keywords: acrylates; conversion; crosslinking; modeling; photopolymerization;
rheology; sigmoidal
INTRODUCTION
Cure advancement of thermosetting resins has
been of significant interest in establishing molecu-
lar parameters linked with describing the gel
point,1 the induction time before gelation or the
working time, and network architecture, all which
are related to bulk chemical formulation and reac-
tivity.2,3 Understanding cure advancement has
been the driving force behind establishing process
parameters for thermosets such as lamination
temperatures and pressures necessary to trigger
or block larger scale flow4,5 or to control shrink-
age.6–8 Extensive efforts over a long time have
been made to determine the kinetics of conversion
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in a range of reactive resins and their diffusional
dependence on the thermodynamic activation
energy of conversion by evaluating reaction
kinetics as a function of temperature.9–13 An
excellent recent review has related conversion
and the capacity for molecular diffusion for sev-
eral common polymerization schemes.14 And a
number of both theoretical and empirical models
of viscosity advancement were summarized by
Halley and Mackay.15 Publications have also
gauged both reactive stability and defined flow
and processing characteristics for reactive injec-
tion molding resins and other flowing resins.16–18
The link between conversion and rheology
has garnered our own interest in the stability of
reactive dispersions,19,20 and conversion of high-
ly crosslinkable photocurable polymers where
induced viscosity changes occur very quickly.20,21
We have used conceptually simple cure advance-
ment models such as the power law model seen in
eq 1 below:
log gðtÞ ¼ log g0 þ nt (1)
where g(t) is the time-dependent viscosity, g0 is a
pregelled initial viscosity at which crosslinking is
initiated, n is related to the rapidity of the viscos-
ity rise, and t is the time. We analyzed both pub-
lished data on curing epoxy resins including filled
and unfilled resins, and photopolymerized resins
where the kinetics of cure are more rapid.21,22
This power law rheology model, while concep-
tually simple, can deviate significantly as network
density rises. We considered whether other non-
linear analytical models could more accurately fol-
low dynamic viscosity changes induced by cross-
linking.23–25 Others have used a Boltzmann sig-
moidal model to describe other viscous fluids
undergoing a setting reaction including starches,26
siloxane based impression compounds,25 and other
gels. In our adapted model, we fitted the following
Boltzmann sigmoidal function in eq 2




where g0 and g1 are the viscosities before illumi-
nation and after network formation at long times
of illumination. The induction time, t0, corre-
sponded to the time necessary a change viscosity
from the initial viscosity log g0 to (log g0 þ log g1)/
2, and Dt corresponds with the period associated
with the sigmoidal transition region as viscosity
deviates from g0 in the semiloglinear regime. All
these parameters vary with illumination inten-
sity, temperature, oxygen content, and other fac-
tors that regulate the kinetics of polymerization.
We conducted experiments to evaluate the
influence of ambient photoconversion on the rhe-
ology of urethane dimethacrylate (UDMA) resins
mixed with varying amounts of three comonomers
including: hexane diol-dimethacrylate (HDDMA),
an alkoxylated cyclohexane dimethanol diacrylate
(CD-582 or CHDMDA), and hydroxyethyl methac-
rylate (HEMA). Urethane dimethacrylate is a
dental base monomer in composite formula-
tions,7,27–30 and is commonly mixed with other re-
active diluents. Experiments were performed
varying composition and time dependent dose
varying the intensity using a photorheometer fol-
lowing Schmidt et al.31 The results were analyzed




Urethane dimethacrylate, UDMA (ESSTECH,
Essington, PA), was mixed with one of the follow-
ing monomers: 1,6-hexanediol-dimethacrylate,
HDDMA (ESSTECH, Essington, PA), alkoxy-
lated cyclohexane dimethanol diacrylate resin,
CHDMDA (CD-582 Sartomer, PA), and hydroxy-
ethyl methacrylate (HEMA; Polysciences, War-
rington, PA) using weight fractions of 0.5, 0.7, and
0.85 in UDMA. The formulation included 0.5
w/w% of both N,N-Dimethyl-p-toluidine (Aldrich)
and camphorquinone (Aldrich) as part of the pho-
tosensitizer package. Each mixed formulation was
shaken overnight and wrapped in aluminum foil
before use.
Rheology Experiments
Dynamic viscosity advancement during photo-
polymerization was obtained using an ARES
rheometer from TA instruments, equipped with a
broadband EFOS Novacure N2000 Spotcure UV
lamp assembly following Schmidt et al.31 This
lamp is housed 0.7 m from the rheometer with a
flexible light pipe to illuminate the stage. The
beam was calibrated using a light meter supplied
by TA Instruments to ensure consistent illumina-
tion intensity across the plate before initiating
each photorheology experiment. Each experiment
initially measured g0 in the dark before the trig-
ger time when the shutter opened illuminating
the stage at intensities between 1 and 5 W/cm2.
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The distance between the lamp and sample was
deemed sufficient to discount ambient heating as
a factor affecting polymerization. In situ polymer-
ization occurred between an aluminum substrate
and a transparent acrylic substrate which was
part of the optical path. Parallel plate rheometry
in continuous shear was chosen to avoid optical
influences using a more accurate cone and plate
assembly. This selection also allowed us the poten-
tial to repolish and reuse the disks. The rheome-
ter was located in a room held nominally at 27 C.
The gap between the two substrates was set to
0.3 mm. Three drops of each liquid monomer mix-
ture were placed on the aluminum substrate and
then contacted with the 2 cm diameter acrylic
substrate. An engine drove the lower part of the
rheometer and separate measurements of torque
and frequency (20 rad/s) resolved the transient
polymer viscosity. Experiments were conducted at
1, 2, and 5 W/cm2 to yield two replicates although
individual experiments were analyzed. Experi-
ments in which the initial viscosity before illumi-
nation was outside the range of the component
viscosities were discarded outright.
Analysis
The data were collected with TA Orchestrator
software and exported into a database. Once the
datasets were constructed in the form of instanta-
neous viscosity with time, these data were loaded
into Origin (Microcal) from which statistical
determinations of sigmoidal plot parameters were
found. With log g0 (Pa s) ranging between 0 and 1,
and g1 fixed at 1  106 Pa s, the sigmoidal plot
analysis yielded two parameters including the
induction time, t0 and Dt, the time constant inver-
sely proportional to slope of the dynamic rise in
viscosity.
RESULTS AND DISCUSSION
Figure 1 shows the dynamic viscosity profile
during photopolymerization of a 70%UDMA/
30%HEMA mixture using three different illumi-
nation intensities. As expected, with rising flu-
ence, the speed of conversion was increased. The
scale of the slope change was sufficiently large in
comparison with other studies of curing resins
that the logarithmic analysis was justified. Both
the asymptotic limits in viscosity, (g0 and g1) are
essentially the same, the network structure is
similar, even if polymerized with different light
intensity.
The sigmoidal fits for the data above with log
g0 (Pa s) and log g1 (Pa s) fixed at 0.4 and 6 are
shown in Figures 2–4 (straight lines) for 1 W/cm2
(Fig. 2), 2 W/cm2 (Fig. 3), and 5 W/cm2 (Fig. 4) for
a mixture of 70%UDMA/30%HEMA. Similar
trends were observed and characterized for the
other reactive diluents. Each curve was modeled
up to the asymptotic limit. The drop off in viscos-
ity seen in Figure 1 is attributed to slip of the
bonding disks at high conversion and viscosity.
Table 1 includes sigmoidal fit parameters for
individual experiments varying the composition
and type of reactive diluent, and intensity. Repli-
cate experiments confirmed the trends observed.
Included in the analysis are the determined
Figure 1. Dynamic viscosity with fluence for a
70%UDMA/30%HEMA mixture.
Figure 2. Dynamic viscosity illuminated at 1 W/cm2
along with sigmoidal fit for a 70%UDMA/30%HEMA
mixture.
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induction time t0, and Dt, the time period which is
inversely related to the slope associated with the
log-linear dynamic viscosity curve.
The sigmoidal model successfully represents
the dynamics of viscosity during photopolymeriza-
tion. In terms of trends, Table 1 shows that reac-
tivity generally increased with higher UDMA con-
tent and higher intensity illumination, as evi-
denced by lower induction times and shorter
periods (Dt) associated with the rate of viscosity
rise.
Based on intensity alone, the induction time
should depend on the time necessary to grow a
sufficient number of radicals to initiate large-scale
crosslinking. The trend of shorter illumination
times to induce this transition with higher inten-
sity is readily observable, although initiation and
propagation are expected to occur at different
rates.
Adding less-reactive diluents such as HEMA
extends the induction period by as much as 30 s
at 1 W/cm2. UDMA has the fastest reaction
kinetics in terms of combined radical formation
and propagation of the resins evaluated. Here, we
confirm other published work by Assumption and
Mathias29 as well as our own work.21
Rate of Viscosity Rise and Dt, the Period
Associated with Viscosity Rise
The slope of the viscosity rise region rises with
both higher illumination intensity and UDMA
content as evidenced by a shorter time constant,
Dt. Adding more diluent stunts the rate of poly-
merization. An example is shown in Figure 5 plot-
ting the time constant associated with viscosity
rise as a function of illumination intensity mixed
with 50% with each comonomer. The trend in
slope at each condition is generally conserved,
with UDMA the most reactive, followed by CD582,
HDDMA, and HEMAwith the longest periods.
Comparing different diluents, CD-582 induces
conversion faster than HDDMA and HEMA, and
a higher slope associated with the shorter time
constant, Dt in the Boltzmann sigmoidal model.
Mixtures of CD-582 and UDMAwere the most re-
active. With other published efforts suggesting
that a lower conversion rate is tied to lower poly-
merization shrinkage,32–34 it is possible that poly-
merization shrinkage could be controlled with
larger concentrations of less reactive monomers
in the mix, and lower polymerization intensity,
although that was not part of our study. Other
recent work using a new type of in situ shrinkage
measurement suggests that the correlation
between conversion rate and shrinkage may be
murky.35–39 Future mechanistic understanding of
resin chemistry, evolving network structure, and
functional properties based on variations in the
polymerization protocol are needed. It is also pos-
sible that other functional attributes such as
monomer extraction potential could also be
affected by variations in the network structure
induced by different photopolymerization proto-
cols or formulations.40
HEMA was the most sluggish of the monomers
we evaluated in triggering the induction. In
Figure 3. Dynamic viscosity illuminated at 2 W/cm2
along with the sigmoidal fit 70%UDMA/30%HEMA
mixture.
Figure 4. Dynamic viscosity illuminated at 5 W/cm2
along with the sigmoidal fit 70%UDMA/30%HEMA
mixture.
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addition, HEMA at 0.3 wt fraction exhibits a
crossover in the induction time between samples
illuminated at 1 and 2 W/cm2. Since these are sin-
gle measurements, we attribute this behavior to
experimental error in both the sample construc-
tion and processing. No other formulations
showed this same crossover effect but HEMA’s
sluggishness was clear.
In linking the photorheology results deter-
mined here to the broader polymerization litera-
ture, one long-range goal is to relate simpler phe-
nomenological models that yield physically rele-
vant parameters such as the rate of viscosity rise
to molecular interpretations of conversion rates
and diffusion limitations with increased con-
version. Many papers have related dynamic con-
version both in terms of thermodynamics and
viscosity for a range of polymerizable reac-
tions.12,14,31,41–44 With new measurements of
Table 1. Tabulated Parameters for the Boltzmann Sigmoidal Analysis of UDMA-Based Resins
Comonomer
Induction







HEMA 0.15 1 8.01 3.40 0.984
2 4.32 2.97 0.990
5 3.01 1.70 0.985
0.3 1 11.31 5.75 0.996
2 12.1 4.64 0.995
5 6.23 2.45 0.992
0.5 1 40.79 9.54 0.990
2 26.46 5.98 0.983
5 16.87 4.22 0.982
HDDMA 0.15 1 10.24 3.17 0.956
2 7.02 2.98 0.977
5 4.04 1.70 0.978
0.3 1 12.49 3.22 0.959
2 9.3 2.33 0.962
5 5.9 1.67 0.974
0.5 1 17.33 4.04 0.979
2 11.07 3.07 0.980
5 6.18 2.06 0.990
CD582 0.15 1 7.77 2.99 0.959
2 5.08 2.18 0.966
5 3.28 1.47 0.971
0.3 1 9.5 3.19 0.977
2 6.54 2.51 0.972
5 4.84 1.21 0.968
0.5 1 9.54 3.58 0.986
2 6.41 2.06 0.980
5 3.88 2.01 0.992
Figure 5. Comparison of the period of viscosity rise,
Dt, in the sigmoidal model with fluence for UDMA
resins mixed at 50% w/w with different comonomers.
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photodynamically induced dynamic viscosity now
available, the ability to link viscosity changes to
conversion and chemical reaction kinetics models
may lead to a larger fundamental understanding of
how dose and polymerization rate affect structure.
If structure is influenced by polymerization
rate, controlling it in photocrosslinked hydrogels
could also affect functional release of therapeutic
agents formulated into the structure.45–47 This
type of model could be applied to colloidal or soft
gels that cause changes in rheology upon gela-
tion,26,43 or in biochemistry where polymerization
of misfolded proteins in solution48 has a driving
force for agglomeration and changing the disper-
sion structure as well.
CONCLUSIONS
An adapted sigmoidal model was used to analyze
g(t) arising from photopolymerization of UDMA
mixtures varying both formulation and illumina-
tion intensity. We compared UDMA mixed with
HDDMA, HEMA, and an experimental resin
derived from alkoxylated polyethylene glycol dime-
thacrylate, CD-582. Two physical parameters came
out of the analysis that relate to conversion includ-
ing an induction time needed to trigger a 50% con-
version in log g, and a time constant associated
with the slope of the logarithmic viscosity rise.
One value of this model is that it accurately
represents phenomenological viscosity changes
arising due to photopolymerization. The model
could also be adapted to other resin systems
where there is a dynamic viscosity change due to
changing solution or dispersion structure.49
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